BSTRACT TDP-43 (also known as TARDBP) is a pathological signature protein of neurodegenerative diseases, with TDP-43 proteinopathies including frontotemporal lobar degeneration (FTLD)-TDP and amyotrophic lateral sclerosis (ALS)-TDP. These TDP-43 proteinopathies are characterized by cytoplasmic insoluble TDP-43-positive aggregates in the diseased cells, the formation of which requires the seeding of TDP-25 fragment generated by caspase cleavage of TDP-43. We have investigated the metabolism and mis-metabolism of TDP-43 in cultured cells and found that endogenous and exogenously overexpressed TDP-43 is degraded not only by the ubiquitin proteasome system (UPS) and macroautophagy, but also by the chaperone-mediated autophagy (CMA) mediated through an interaction between Hsc70 (also known as HSPA8) and ubiquitylated TDP-43. Furthermore, proteolytic cleavage of TDP-43 by caspase(s) is a necessary intermediate step for degradation of the majority of the TDP-43 protein, with the TDP-25 and TDP-35 fragments being the main substrates. Finally, we have determined the threshold level of the TDP-25 fragment that is necessary for formation of the cytosolic TDP-43-positive aggregates in cells containing the full-length TDP-43 at an elevated level close to that found in patients with TDP-43 proteinopathies. A comprehensive model of the metabolism and mismetabolism of TDP-43 in relation to these findings is presented.
INTRODUCTION
TAR DNA-binding protein (TDP-43, also known as TARDBP) is an RNA-and DNA-binding factor with multiple cellular functions (Baloh, 2011; Buratt et al., 2001; Chen-Plotkin et al., 2010; Cohen et al., 2011; Lagier-Tourenne et al., 2010; Lee et al., 2012; Wang et al., 2008) . It has also been identified as the major component of the ubiquitylated inclusions (UBIs) in frontotemporal lobar degeneration (FTLD-U) and amyotrophic lateral sclerosis (ALS) (Arai et al., 2006; Cohen et al., 2011; Neumann et al., 2006) . TDP-43 is ubiquitylated, hyperphosphorylated, cleaved into C-terminal fragments and redistributes from the nucleus to the cytoplasm (Arai et al., 2006; Hasegawa et al., 2011; Igaz et al., 2008; Neumann et al., 2006) . The 25 kDa and 35 kDa TDP-43 fragments (known as TDP-25 and TDP-35, respectively) are generated mainly through caspase-3-mediated cleavage of TDP-43 (Zhang et al., 2007) . The accumulation of TDP-43 within the insoluble UBIs suggests that mis-regulation of genes and/or factors involved in the processing and degradation of intracellular proteins likely contribute to TDP-43 proteinopathies and the associated pathology.
The formation of the TDP-43-positive UBI aggregates in TDP-43 proteinopathies reflect several other neurodegenerative diseases that are also characterized by protein aggregates (Bates, 2003; Hashimoto et al., 2003; Lansbury and Lashuel, 2006; Ross and Poirier, 2004; Ross and Poirier, 2005) . A common characteristic of these diseases is the mis-metabolism of the signature proteins in the aggregates and/or inclusions [e.g. Htt in the Huntington's disease, a-synuclein in Parkinson's disease, b-amyloids in Alzheimer disease, etc. (Bates, 2003; Hashimoto et al., 2003; Ross and Poirier, 2004) ]. To date, several studies have reported findings regarding the degradation of the TDP-43 protein. In particular, it has been found that overexpressed full-length TDP-43 protein and its truncated 25 kDa and 35 kDa fragments are degraded through both the ubiquitin proteasome system (UPS) (Kim et al., 2009; Urushitani et al., 2010; Wang et al., 2010) and macroautophagy pathways (Caccamo et al., 2009; Filimonenko et al., 2007; Ju et al., 2009; Wang et al., 2012) . Most short-lived proteins are degraded by UPS through the 26S proteasome (DeMartino and Slaughter, 1999) , whereas the autophagy-lysosomal pathway primarily catabolizes unnecessary organelles, long-lived proteins and misfolded and/or aggregated proteins (Ravikumar et al., 2010) . However, ubiquitin-modified proteins can also be degraded through the autophagy-lysosomal system, which comprises macroautophagy, chaperone-mediated autophagy (CMA) and microautophagy (Kirkin et al., 2009; Welchman et al., 2005) .
In contrast to for overexpressed TDP-43, relatively few studies have focused on the degradation pathways of the endogenous TDP-43 protein species. Among these studies, one immunofluorescence staining analysis has shown that depletion of functional multivesicular body (MVBs), required for the macroautophagy degradation pathway, results in the accumulation of the endogenous TDP-43 in the cytoplasm as ubiquitylated species (Filimonenko et al., 2007) . In another study, overexpression of ubiquilin 1 (UBQLN), a proteasome-targeting factor, results in an increased amount of insoluble full-length TDP-43 protein and ubiquitylated aggregates consisting of endogenous TDP-43 with the autophagosomal marker LC3 (Kim et al., 2009) . Notably, under normal conditions, the cellular concentration of the TDP-43 protein is autoregulated through a negative-feedback loop (Ayala et al., 2011; Avendaño-Vázquez et al., 2012; Polymenidou et al., 2011) . Despite the above studies, however, the overall picture of the degradation program of the different TDP protein species, i.e. the full-length TDP-43, and the TDP-35 and TDP-25 fragments, in normal cells remain unclear.
The roles of the cleavage of TDP-43 by caspase 3 and the resulting TDP-25 and TDP-35 fragments in TDP-43 proteinopathies have also been studied in cell culture. One common observation is that overexpression of the TDP-25 fragment in yeast or cultured mammalian cells results in insolubility of TDP-43 species, as assayed by western blotting of fractionated cell extracts, and the formation of cytoplasmic TDP-43-positive aggregates, as assayed by immunofluorescence staining (Furukawa et al., 2011; Igaz et al., 2009; Nonaka et al., 2009b; Saini and Chauhan, 2011; Zhang et al., 2009; Zhang et al., 2007) . However, upon MG132 treatment, which causes accumulation of full-length TDP-43, owing to inhibition of UPS, and enhances the cleavage of the full-length TDP-43 to generate more TDP-35 and TDP-25 fragments, as the result of induction of caspase 3 Nonaka et al., 2009a) , the amount of the cytosolic TDP-43-positive aggregates and/or insoluble TDP-43 species increases greatly. The above studies have suggested the importance of the TDP-35 and TDP-25 fragments and an elevated amount of the full-length TDP-43 in the formation of TDP-43-positive UBIs, a process in which preformed TDP-25 fibrils could act as the seed (Furukawa et al., 2011; Pesiridis et al., 2011) to trap the full-length TDP-43 in vitro in cultured cells and in vivo in diseased cells of patients with TDP-43 proteinopathies. However, data from other studies seem to indicate that the proteolytic processing of the full-length TDP-43 is not absolutely required for generation of the insoluble TDP-43, nor does the generation of insoluble TDP-43 species necessarily lead to the aggregate formation (Dormann et al., 2009; Kleinberger et al., 2010) . For instance, exogenous expression of caspase-3-resistant mutant TDP-43 (D89A) in HeLa cells, which is present in the insoluble fraction, does not lead to formation of TDP-43 (D89A) aggregates in these cells (Dormann et al., 2009) .
Thus, despite the progresses regarding the processes of degradation/metabolism of TDP-43 in normal and diseased cells, several important questions remain unanswered: (1) are degradation pathways other than UPS and macroautophagy, such as CMA, also involved in TDP-43 degradation; (2) what are the degradation pathway(s) of the endogenous truncated TDP-43 fragments; (3) what are the relative contributions of the different metabolic routes to the degradation of TDP-43 (endogenous or exogenous, full-length versus truncated TDP-35 and TDP-25 fragments) have not been determined; and (4) what is the exact role of the truncated TDP-43 fragments in the generation of insoluble TDP-43 species and/or formation of the TDP-43-positive aggregates, respectively. To address the above, we have carried out a comprehensive study of the pathways of the metabolism and mis-metabolism of TDP-43.
RESULTS

Metabolism of TDP-43 protein by the CMA-mediated lysosome degradation pathway
Several previous studies have shown that both the UPS and macroautophagy pathways are involved in TDP-43 protein degradation. However, whether other degradation pathways such as the CMA participate in TDP-43 degradation remained unclear. In the CMA pathway, substrate proteins bearing the KFERQ-like motif are recognized by heat shock protein Hsc70 (also known as HSPA8) and this substrate-chaperone complex is targeted to the lysosome membrane receptor LAMP-2A for further endocytosis and lysosomal degradation (Dice, 2007) . We noticed that the RRM1 domain of TDP-43 contained the CMArecognition motif sequence Q 134 VKKD 138 (Fig. 1A) , suggesting that TDP-43 might also be a CMA substrate. To investigate this possibility, we first determined whether TDP-43 interacted with Hsc70 by immunoprecipitation. Notably, the levels of ubiquitylated wild-type and mutant TDP-43 were both increased in the presence of HA-ubiquitin (supplementary material Fig.  S1A ). Furthermore, ubiquitylated wild-type TDP-43, but not mutant TDP-43 (QV/AA) in which the QVKKD sequence was mutated to AAKKD, interacted well with Hsc70 in the presence of the exogenous HA-ubiquitin ( Fig. 1B ; supplementary material Fig. S1B ). This result suggests that an intact Q 134 VKKD 138 motif is required for efficient Hsc70 interaction with ubiquitylated TDP-43 as well as translocation of TDP-43 to the lysosomal LAMP-2A.
We then analyzed whether TDP-43 could be degraded by CMA and whether the CMA-recognition motif was required for this process. For this, we compared the levels of wild-type and QV/ AA-mutant TDP-43 proteins in transfected N2a cells with and without the lysosome inhibitor NH 4 Cl (Cuervo et al., 2004; Mizushima et al., 2010; Tanida et al., 2005) (Fig. 1C) . The levels of the TDP-35 and TDP-25 fragments of wild-type TDP-43 (Fig. 1C , compare lane 2 to lane 1; also see the histogram), but not the mutant TDP-43 (QV/AA) (Fig. 1C , compare lane 4 to lane 3; also see the histogram), were increased, albeit moderately, upon treatment with NH 4 Cl. Because NH 4 Cl is a general lysosomal inhibitor that represses CMA and macroautophagy, the participation of CMA in TDP-43 protein degradation was further assessed by RNA interference (RNAi)-mediated knockdown of the LAMP-2A receptor. There are three splice variants of LAMP-2, LAMP-2A, -2B and -2C, of which LAMP-2A is involved in CMA, whereas LAMP-2B and LAMP-2C function in macroautophagy Cuervo and Dice, 2000; Hatem et al., 1995; Tanaka et al., 2000) . In particular, it has been demonstrated that knockdown of LAMP-2A can just affect the ability of CMA substrate binding and uptake by the lysosomes rather than alter macroautophagy or lysosomal protease activity Cuervo and Dice, 2000) . In addition, knockdown of the LAMP-2B only affects the fusion of lysosome or autophagosome in macroautophagy, but not the CMA-lysosomal substrate metabolism pathway (Tanaka et al., 2000) .
As shown in supplementary material Fig. S1C , only the LAMP-2A mRNA, but not those of LAMP-2B and LAMP-2C, was knocked down by the LAMP-2A siRNA oligonucleotide. Consistent with previous findings , conversion of LC3-I to LC3-II and induction of p62 were observed in the LAMP-2A-knockdown cells, indicating that macroautophagy was activated in the LAMP-2A-knockdown cells in compensation (supplementary material Fig. S1C) . Importantly, as shown in Fig. 1D , when the level of the endogenous LAMP-2A was lowered by the specific siRNA oligonucleotide, the amounts of the endogenous TDP-35 and TDP-25 fragments, but not the full-length TDP-43, were modestly increased, even though macroautophagy was activated (supplementary material Fig. S1C ). Taken together, the data of Fig. 1 and supplementary material Fig. S1C show that TDP-43 protein species, particularly the TDP-35 and TDP-25 fragments, can also be degraded through CMA in normal cells, although much more degradation was attributed to UPS (see below).
Relative contributions of UPS, macroautophagy and CMA to the degradation of endogenous and exogenously expressed Given that TDP-43 appeared to be processed and degraded by CMA in addition to by the UPS and macroautophagy (Fig. 1) , it was of interest to obtain a comprehensive picture of the relative contributions of the three pathways of TDP-43 protein metabolism under normal cellular conditions. To this end, we first compared the levels of the exogenously expressed Myctagged human in transfected N2a cells upon treatment with the UPS inhibitor MG132, the macroautophagy inhibitor 3-methyladenine (3-MA), or NH 4 Cl. Similar to previous studies (Bjørkøy et al., 2005; Kuusisto et al., 2001; Wong et al., 2008) , in transfected or untransfected cells, the level of p62 was increased upon treatment with any one of these three inhibitors (supplementary material Fig. S1D , upper two panels). In addition, the level of LC3-II and/or the ratio of LC3-II:LC3-I was increased in cells treated with MG132 or NH 4 Cl but not 3-MA (supplementary material Fig. S1D , middle 2 panels), as reported previously (Cheong et al., 2011; Hu et al., 2012; Iwata et al., 2005) . Consistent with the literature (see the Introduction) and our data (Fig. 1) , both the UPS and the autophagy, including macroautophagy and CMA, were responsible for the degradation of the exogenous Myc-hTDP-43 protein ( Fig. 2A) . However, only modest increases of the full-length Myc-hTDP-43 was observed upon treatment with any of the three inhibitors including NH 4 Cl. By contrast, the accumulation of 35 kDa and 25 kDa Myc-hTDP-43 fragments was significantly higher, particularly in MG132-treated cells ( Fig. 2A) .
From the data of Fig. 2 , in particular, the changes in the total amounts of the different TDP-43 species upon the use of these three inhibitors, we estimated that the contributions of the three pathways to the processing and degradation of the endogenous and exogenous TDP-43 proteins were in the order of UPS.CMA §macroautophagy.
Cleavage of the full-length TDP-43 into TDP-35 and TDP-25 fragments is a necessary intermediate step in TDP-43 degradation
The greater accumulation of the endogenous TDP-25 and TDP-35 fragments than the full-length TDP-43 in LAMP-2A-knockdown cells ( Fig. 1D ) and in MG132-, 3-MA-or NH 4 Cl-treated cells (Fig. 2B) suggests that truncated TDP-43 fragments are more prone to degradation through the UPS and autophagy pathways. In general, full-length TDP-43 can be degraded through two routes: either the full-length TDP-43 itself can be degraded directly, or the full-length TDP-43 can be first cleaved into truncated fragments and then degraded by the UPS and autophagy pathways. The data in Figs 1 and 2 indicate that cellular TDP-43 protein is preferentially degraded through the second route because the accumulation of the total TDP-43 protein, as the result of UPS, macroautophagy or CMA inhibition, was mainly due to the accumulation of the TDP-35 and TDP-25 fragments. Thus, cleavage of the full-length TDP-43 into TDP-35 and TDP-25 appears to be a necessary intermediate step for degradation of most of the cellular TDP-43 protein. To validate this result, we compared the half-life of the endogenous full-length TDP-43 protein in N2a cells treated with and without the caspase 3 inhibitor Z-VAD. The effects of MG132 and Z-VAD on the level of active caspase 3 were verified in supplementary material Fig. S1E , showing that enhanced cleavage of the pro-caspase 3 was observed in MG132-treated cells whereas Z-VAD treatment inhibited this enhancement. The data from cyclohexamide chase experiments showed that Z-VAD treatment increased the half-life of the TDP-43 protein from 31 h, a value similar to the findings of Pesiridis et al. (Pesiridis et al., 2011) , to over 75 h (Fig. 3A) .
We then transfected N2a cells with pMyc-hTDP-43 or pMychTDP-43 (D89A), and measured the half-life of the full-length Myc-hTDP-43, caspase-cleavage-resistant Myc-hTDP-43 (D89A), and Myc-hTDP-35 and Myc-hTDP-25 fragments by the cycloheximide chase assay (Fig. 3B) . The half-life of MychTDP-43 and Myc-hTDP-43 (D89A) were also measured by [ 35 S]methionine pulse-chase assay (supplementary material Fig.  S2A ). Similar to the previous findings (Urushitani et al., 2010) , the half-lives of the full-length Myc-hTDP-43 and the truncated MychTDP-35 and Myc-hTDP-25 were ,16-18 h, ,10 h and ,7.6 h, respectively ( Fig. 3B ; supplementary material Fig. S2A ). Interestingly, although the mRNA levels of Myc-hTDP-43 and Myc-hTDP-43 (D89A) in the transfected N2a cells were similar (supplementary material Fig. S2B ), the caspase-3-resistant, fulllength Myc-hTDP-43 (D89A) had a significantly longer halflife than the wild-type full-length Myc-hTDP-43 ( To further assess the importance of TDP-25 and TDP-35 fragments as the intermediates in TDP-43 degradation, we compared the accumulation patterns of the full-length TDP-43 in N2a cells upon treatment with MG132 and/or Z-VAD. We found that the level of the full-length endogenous (Fig. 3C) or exogenous TDP-43 (Fig. 3D ) in cells treated with Z-VAD was higher (1.5-or 2-fold) than that without Z-VAD treatment, regardless of the presence of MG132. We also compared the accumulation patterns of the exogenous Myc-hTDP-43 and MychTDP-43 (D89A) with or without treatment with MG132. As shown by western blotting, the D89A mutation indeed led to the disappearance of the TDP-35 and TDP-25 fragments (Fig. 3E , compare lanes 3 and 4 to lanes 1 and 2, respectively). Furthermore, the level of Myc-hTDP-43 (D89A) was ,2-fold higher than that of Myc-hTDP-43 (Fig. 3E , compare lane 3 to lane 1), and this higher level of Myc-hTDP-43 (D89A) persisted in the presence of MG132 (Fig. 3E, compare lane 4 to lane 3) . This correlated well with the data presented in Fig. 2A , in which MG132 treatment resulted in only a modest increase of the fulllength Myc-hTDP-43 but a 2-fold increase of the TDP-35 and TDP-25 fragments (Fig. 3E , compare lane 2 to 1). This suggests that the D89A mutation conferring resistance of TDP-43 to the cleavage by caspase 3 indeed prolonged the half-life of the fulllength TDP-43 protein. The data in Fig. 3 were thus consistent with the hypothesis that cleavage of TDP-43 by caspase 3 to generate the 35 kDa and 25 kDa species is an important intermediate step for the eventual degradation of TDP-43 protein.
Contributions of UPS, macroautophagy and CMA to the formation of TDP-43-positive aggregates Given that CMA is also involved in TDP-43 degradation (Fig. 1) , we tested the effect of CMA inhibition on the formation of TDP-43-positive cytosolic aggregates in comparison to that induced by UPS and macroautophagy inhibition. Immunofluorescence staining analysis demonstrated that the cytosolic TDP-43 was mostly diffuse upon MG132 treatment, and no TDP-43-positive aggregation could be observed in NH 4 Cl-or 3MA-treated cells (Fig. 4A, upper histogram) . Notably, C-terminal fragments (CTFs) containing RRM2, as generated from de novo cleavage of nuclear TDP-43, are transported to the cytoplasm and efficiently cleared, indicating that cleavage alone is not sufficient to initiate the CTF aggregation (Pesiridis et al., 2011) . However, a significant fraction (,30%) of pMyc-hTDP-43-transfected N2a cells contained cytosolic Myc-hTDP-43-positive aggregates upon MG132 treatment (Fig. 4B) , suggesting that an excess of TDP-43 is required for the aggregate formation. Importantly, inhibition of CMA and macroautophagy by using NH 4 Cl, or inhibition of macroautophagy by 3-MA, induced ,10% of the transfected cells to form cytosolic Myc-hTDP-43-positive aggregates (Fig. 4B) . Therefore, blockage of the degradation (CMA and macroautophagy) of TDP-43 by NH 4 Cl indeed can also induce the formation of cytosolic TDP-43-positive aggregates if sufficiently high levels of TDP-43 are present. This result was supported by the analysis of aggregate formation in transfected N2a cells expressing wild-type MychTDP-43 or the Myc-hTDP-43 (QV/AA) mutant (Fig. 4C) , in which the percentage of transfected cells containing the TDP-43 (QV/AA) mutant that showed cytoplasmic aggregates (9.8%) was higher than that of cells expressing the wild-type Myc-hTDP-43 (5.1%). The above results further support the hypothesis that TDP-43 protein is degraded in part through the CMA pathway as already shown in Figs 1 and 2 . More importantly, the data of Fig. 4 demonstrates that blockage of the degradation of TDP-43 by CMA, with either use of NH 4 Cl or by mutagenesis of the Hsc70 recognition site, also increases the extent of TDP-43-positive aggregate formation in transfected N2a cells containing an excess of the TDP-43 protein. These TDP-43-positive aggregates did not co-stain with the stress granule marker, TIA1 or HuR (supplementary material Fig. S3 ), indicating they were not stress granules.
Requirement of a threshold level of TDP-25 fragment for formation of the cytosolic TDP-43-positive aggregates As mentioned in the Introduction, several DNA transfection studies in cell culture have shown the importance of the Cterminal 25 kDa fragment in the formation of the TDP-43-positive inclusions, but others using caspase 3 inhibitor or caspase 3-resistant TDP-43 seemed to suggest that proteolytic cleavage of In the histogram, the data are presented as mean6s.e.m. of three independent experiments. ***P,0.005; **P,0.01; *P,0.05 (Student's ttest compared with the control). Please note that the left two lanes of gel piece and the right two lanes of gel piece in E were separated by other lanes (not shown) on the same gel, but their images are spliced together in the figure. the full-length TDP-43 to generate the TDP-25 and TDP-35 fragments was not required for the insoluble TDP-43 formation or aggregate formation (Dormann et al., 2009; Kleinberger et al., 2010) . To further clarify the role of the C-terminal TDP-43 fragments in the formation of the insoluble TDP-43 species and/or the TDP-43-positive aggregates, we transfected N2a cells with pMyc-hTDP-43 or pMyc-hTDP-43 (D89A) and analyzed the amount of the insoluble full-length TDP-43 and the 25 kDa and 35 kDa fragments in the urea-soluble fraction, and the formation of cytosolic TDP-43-positive aggregates (Fig. 5) . As seen in Fig. 5A , MG132 treatment of transfected cells with overexpressed MychTDP-43 or Myc-hTDP-43 (D89A) resulted in the accumulation of insoluble TDP-43 species in the urea fraction, including the 25 kDa and the 35 kDa fragments, derived from both the endogenous and exogenous TDP-43 (Fig. 5A , compare lanes 2 and 4 to 1 and 3, respectively). Notably, the full-length protein level of the insoluble Myc-hTDP-43 (D89A) in untreated cells was as high as that of Myc-hTDP-43 or Myc-hTDP-43 (D89A) in MG132-treated cells (Fig. 5A , compare lane 3 to lanes 2 and 4). This data was consistent with the scenario that cleavage of the wild-type TDP-43 by caspase 3 to generate the 35 kDa and 25 kDa species was an intermediate step in the cellular degradation of TDP-43, as already observed in Fig. 3 . By contrast, the extent of formation of the cytoplasmic Myc-hTDP-43-positive aggregates in the cells transfected with pMyc-hTDP-43 (D89A) N2a cells without MG132 treatment was very low (less than 5%) (Fig. 5B , the third row of panels and the histogram), whereas the aggregate percentage in cells transfected with pMyc-hTDP-43 (D89A) upon MG132 treatment was comparable to that in MG132-treated MychTDP-43-expressing cells (Fig. 5B , the second and fourth rows of panels and the histogram). These data show that the accumulation of insoluble TDP-43 in the urea fraction (Fig. 5A ) and the formation of cytosolic TDP-43-positive aggregates (Fig. 5B) are not coupled. We infer that a minimum amount of the 25 kDa and 35 kDa fragments generated by the MG132-induced caspase-3 cleavage of the endogenous TDP-43 in N2a cells transfected with either pMyc-hTDP-43 and pMyc-hTDP-43(D89A) (Fig. 5A , lanes 2 and 4) is required as the seed for the aggregate formation by the full-length insoluble TDP-43 (Fig. 5B) .
To test the above idea, we first carried out DNA transfection of N2a cells with different amounts of the plasmid pMyc-hTDP-25 expressing the Myc-tagged hTDP-25 fragment. As exemplified by the western blotting in supplementary material Fig. S4A Fig. S4A , compare lanes 1 and 2). Therefore, we then co-transfected 3610 5 N2a cells with 0.25 mg of pMyc-hTDP-25 together with either 2 mg pGFPhTDP-43 or pGFP-hTDP-43 (D89A). The presence of 0.25 mg pMyc-hTDP-25, but not 0.1 mg pMyc-hTDP-25 or 0.25 mg pMyc vector, led to the formation of GFP-hTDP-43-positive or GFPhTDP-43-(D89A)-positive aggregates in 25% of both sets of the cotransfected cells (Fig. 6B , compare bars 3 and 6 to bars 1, 2, 4 and 5), suggesting that formation of the TDP-43-positive aggregates was due to the presence of TDP-25 fragments as the seed rather than a stress of DNA transfection. Notably, we also co-expressed fulllength TDP-43 with TDP-35 from 0.25 mg p-Myc-hTDP-35 because it was reported previously that TDP-35 could also cause aggregate formation (Che et al., 2011; Johnson et al., 2008; Zhang et al., 2009 ). However, the percentage (less than 15%) of these transfected cells that contained the aggregate was lower than that of cells coexpressing TDP-25 and TDP-43 (supplementary material Fig. S4C) , consistent with the scenario that TDP-35 is an intermediate species for generation of the TDP-25 seed.
Following the above, we first estimated the absolute quantity of MG132-induced TDP-25 fragments in N2a cells under the conditions we used in 
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24 pmole/cell. Furthermore, the band intensities of Myc-hTDP-43 and the endogenous full-length TDP-43 in extracts of N2a cells transfected with pMyc-hTDP-43 and treated with MG132 were in the ratio of 1:1.7 (Fig. 5A) . Thus, the absolute total amount of the full-length TDP-43 including the exogenous Myc-hTDP-43 and endogenous TDP-43 in the N2a cells transfected with pMyc-hTDP-43 and treated with MG132 (Fig. 5) 25 pmole/cell of the TDP-25 protein fragment is necessary and sufficient to function as the seed for effective formation of TDP-43-positive aggregates, if there is also a sufficiently elevated level of the full-length TDP-43 accumulated in the cells (see Discussion).
DISCUSSION
In this study, we have carried out a comprehensive study of the metabolism and mis-metabolism of TDP-43. We show that the internal cleavage of TDP-43 by caspase 3 to generate the TDP-35 Several studies have demonstrated the roles of UPS and macroautophagy degradation in the metabolism of TDP-43. Here, we show for the first time that the lysosome-dependent CMA participates in the degradation of TDP-43 in normal cells ( Fig. 1;  supplementary material Fig. S1 ). In particular, the CMArecognition motif-like sequence in the RRM1 domain of TDP-43 facilitates the interaction between ubiquitylated TDP-43 and Hsc70 ( Fig. 1B; supplementary material Fig. S1B ). The data of Fig. 1B and supplementary material Fig. S1B provide the first evidence that the ubiquitylation is required for interaction of a CMA substrate with Hsc70. Perhaps this gives a general mechanism whereby certain ubiquitylated UPS substrate proteins also shuttle to the lysosomes for CMA degradation. Furthermore, mutation of CMA-recognition motif (Fig. 1C) and LAMP-2A-knockdown (Fig. 1D) lead to the accumulation of TDP-43 protein, suggesting that the N-terminal domain containing the CMA-recognition motif is indeed important for Hsc70-mediated TDP-43 protein translocation into the lysosome. Although the truncated 25 kDa and 35 kDa fragments of TDP-43 do not contain any CMA-recognition-motif-like sequence, nor do they bind Hsc70 (data not shown), our results show that it is mainly these fragments, and not the full-length TDP-43, that accumulates when CMA is inhibited (Figs 1 and 2) . The lysosomes contain a large variety of hydrolytic enzymes, including cathepsins (cysteine proteases), aspartate proteases and one zinc protease, that degrade proteins and other substances taken in by endocytosis (McGrath, 1999; Nomura et al., 1999) . Interestingly, in addition to caspase 3, other lysosomal proteases such as calpain and cathepsins might also mediate the cleavage of TDP-43 protein (Kanazawa et al., 2011; Yamashita et al., 2012) . Furthermore, the caspase inhibitor Z-VAD that we have used in this study (Fig. 3A,C,D) also inhibit the lysosomal enzyme cathepsin B (Schotte et al., 1999) . In addition, mass spectrometric analysis of extracts from brains from patients with FTLD-TDP (Nonaka et al., 2009b) suggests that caspase 3 might not be the only enzyme responsible for TDP-43 cleavage. Hence, we infer that in the CMA-mediated degradation pathway, once TDP-43 is transported to the lysosomes by Hsc70 and into the lysosomes by endocytosis, it would be cleaved into the TDP-25 and TDP-35 fragments by the lysosomal cathepsin B and then be subject to further degradation by the lysosomal proteases. Accordingly, in NH 4 Cl-treated or LAMP-2A-knockdown cells (Figs 1, 2 ; supplementary material Fig. S1 ), the CMA proteolytic processing, such as endocytosis, cleavage and degradation, of TDP-43 inside the lysosomes would be slowed down or inhibited, and the fulllength TDP-43 would be preferentially cleaved in the cytosol by active caspase 3. Therefore, inhibition of TDP-43 degradation by CMA would result in the accumulation of the truncated TDP-43 fragments, but not much of the full-length TDP-43.
Related to the above, several other neuropathological proteins, such as the Parkinson-disease-related a-synuclein and Alzheimerdisease-related RCAN1, have also been found to be degraded through the CMA pathway (Cuervo et al., 2004; Liu et al., 2009) . In those studies, dysfunction of CMA leads to the accumulation of the aberrant disease proteins, suggesting that impaired CMA might lead to toxic gain-of-function and the consequent protein aggregation in the brains of Parkinson and Alzheimer disease patients. Notably, two groups have analyzed the gene expression patterns in the frontal cortex samples of FTLD-TDP patients by microarray profiling, and found that the expression of LAMP-2A is upregulated whereas a number of UPS-related genes are downregulated (Chen-Plotkin et al., 2008; Mishra et al., 2007) . We speculate that in TDP-43 proteinopathies, impairment of the UPS might be compensated for by upregulation of the CMAlysosome system. Thus, CMA plays an important role in TDP-43 degradation in normal cells, and it might be induced in diseased cells to help clean the mis-metabolized TDP-43 protein species and even the TDP-43-positive aggregates.
Our data also provide strong support for the hypothesis that cleavage of the full-length TDP-43 into the truncated TDP-35 and TDP-25 fragments is a necessary intermediate step for degradation of most of the TDP-43 protein in the normal cells. As shown in Figs 2 and 3 , the TDP-43 species accumulated in cells treated with different inhibitors are mainly the TDP-35 and TDP-25 fragments but not full-length TDP-43. It should be noted that there are negative-feedback mechanism(s) for TDP-43 to autoregulate its protein level (Ayala et al., 2011; Avendaño-Vázquez et al., 2012; Polymenidou et al., 2011) . Thus, the levels of the full-length TDP-43 and the 25 kDa and 35 kDa fragments would be higher without this autoregulatory scheme. Several papers have concluded that exogenous truncated TDP-43 fragments are more prone to degradation by UPS than the exogenous full-length TDP-43 protein (Caccamo et al., 2009; Pesiridis et al., 2011; Wang et al., 2010) . However, alternative explanations could not previously be excluded. For example, overexpression of the truncated TDP fragments, as alien misfolded or mutant proteins, is toxic and could force the cells to speed up the clearance of the exogenous TDP-43 fragment(s) by UPS and/or autophagy. Therefore, higher accumulation of the exogenous truncated TDP fragment(s) than the endogenous fulllength TDP-43 would be observed when the UPS or autophagy degradation pathways are inhibited (Caccamo et al., 2009; Wang et al., 2010) . In addition, either UPS inhibition or overexpression of the truncated TDP-43 fragments could result in increased level of active caspase 3 (Suzuki et al., 2011; Zhang et al., 2009) , thus leading to increased proteolytic cleavage of the full-length TDP-43 to generate more TDP-35 and TDP-25 fragments (Rutherford et al., 2008) . In order to exclude the above mentioned side-effects due to overexpression of the truncated TDP-25 fragment or MG132 induction, we have carried out cyclohexamide-chase experiments and found that degradation of the endogenous fulllength TDP-43 becomes slower in the presence of the caspase 3 inhibitor Z-VAD (Fig. 3A) . In addition, the stability of the fulllength Myc-hTDP-43(D89A) mutant, which is resistant to caspase 3 cleavage, is also higher than the full-length wild-type Myc-hTDP-43 in transfected N2a cells ( (Zhang et al., 2007) , is a necessary intermediate step for degradation of the majority of TDP-43 protein through the processing of the TDP-25 and TDP-35 fragments by UPS, macroautophagy and CMA. In TDP-43 proteinopathies as caused by gene mutations or environmental stresses (Bigio, 2011; Boillé e et al., 2006; Braun et al., 2011; Chen-Plotkin et al., 2008; Kwong et al., 2007; Mishra et al., 2007; Neumann, 2009 ), the degradation of the different TDP-43 species is somehow inhibited. The proteolytic cleavage of TDP-43 into TDP-25 and TDP-35 is also enhanced in the diseased cells (Arai et al., 2006; Kabashi et al., 2008; Neumann et al., 2006; Sreedharan et al., 2008) . The accumulations of TDP-43 and TDP-25, the latter of which serves as the seed (Furukawa et al., 2011; Pesiridis et al., 2011) , would lead to the formation of the cytosolic TDP-43-positive aggregates. From the data of this study, it is estimated that ,8.6610
24 pmole/cell of TDP-43 and 3.6610 25 pmole/cell of the TDP-25 fragment would be sufficient to lead to the formation the cytosolic TDP-43-positive aggregates.
have a higher level of ubiquitylation than the full-length TDP-43 and thus could be more prone to degradation by UPS. The requirement for generation of an intermediate for effective degradation or metabolism of cellular proteins has been documented in the literature, for example, for the Alzheimer protein APP (De Strooper et al., 2010) , the transcription factor TWIST (Demontis et al., 2006) and PEST-motif-containing proteins (Belizario et al., 2008) . Thus, internal peptide cleavage coupled with ubiquitylation for degradation by UPS and/or autophagy appears to be a general scheme for regulation of the homeostasis of a category of proteins. In the case of TDP-43, misregulation of this scheme likely would lead to the formation of TDP-43-positive UBIs or aggregates in diseased cells with TDP-43 proteinopathies.
In this study, we have estimated the threshold level of TDP-25 fragment that would lead to the formation of TDP-43-positive aggregates in the presence of elevated level of total TDP-43 ( Fig. 6; supplementary material Fig. S4A,B) . This is of particular interest because TDP-25 has been shown to be able to function as the seed for TDP-43-positive aggregate formation (Furukawa et al., 2011; Pesiridis et al., 2011) , but the threshold level of the endogenous TDP-25 'seed' for co-aggregation with the fulllength TDP-43 in cells had not been determined in those studies. The data of Fig. 6 and supplementary material S4A,B provide an explanation for the significantly higher extent of TDP-43-positive aggregate formation in MG132-treated N2a cells containing an excess of the full-length TDP-43, whether it is wild-type or the caspase 3-resistant D89A mutant form ( Figs 4B, 5B) . In other words, 3.6610 25 pmole/cell of the TDP-25 fragment, as generated from the endogenous TDP-43 by MG132-induced caspase 3-cleavage, is sufficient and necessary, as a seed, for effective TDP-43-positive aggregate formation in cells transfected with pMyc-hTDP-43 or pMyc-hTDP-43 (D89A).
With respect to the requirement of an excess of full-length TDP-43, in addition to the TDP-25 seed, to form the TDP-43-positive aggregates, it could be estimated that a total of 8.6610
24 pmole/cell of the full-length TDP-43, or a ,2.7-fold increase in the amount of the endogenous TDP-43 in a normal cell, would be sufficient. Importantly, this level of elevation is similar to or less than those found in pathogenic samples from FTLD-TDP (Chen-Plotkin et al., 2008) and ALS-TDP (Kabashi et al., 2008; Weihl et al., 2008) patients. Furthermore, transgenic animals with overexpression of TDP-43 often develop disease phenotypes that mimic TDP-43 proteinopathies (Ayala et al., 2005; Hanson et al., 2010; Lin et al., 2011; Tsai et al., 2010; Wegorzewska et al., 2009; Wils et al., 2010) . For instance, a 2-3-fold increase of full-length TDP-43 in the forebrain of a CamKIIdirected transgenic mouse model develops FTLD-TDP-like phenotypes, which are accompanied by elevated levels of insoluble TDP-43 and TDP-35 and TDP-25 fragments, and formation of cytosolic TDP-43-positive aggregates (Tsai et al., 2010) . Given that the mere presence of an excess of the full-length TDP-43 does not lead to the formation of TDP-43-positive inclusions ( Fig. 5 ; also see Dormann et al., 2009; Kleinberger et al., 2010; Nonaka et al., 2009b; Tsai et al., 2010) , we suggest that an age-dependent process generating a threshold level of the TDP-25 seed is also required for the development of the pathogenic phenotypes of TDP-43 proteinopathies, in particular the formation of the cytosolic TDP-43-positive aggregates, in patients and in transgenic animals with an elevated level of TDP-43.
In summary, a comprehensive study has been carried out regarding the degradation pathways of TDP-43 under normal conditions and the formation of cytosolic TDP-43-positive aggregates when the homeostasis of TDP-43 is dis-regulated. Although the current analysis is only semi-quantitative in certain aspects, for example, the estimation of the minimal amount of TDP-25 fragment as a seed of TDP-43-positive aggregate formation, the results of the study, as depicted in the model of Fig. 7 , provide further insights and logical explanations regarding several unsettled points of the metabolism and mis-metabolism of TDP-43. They should further our understanding of the causative roles of elevated full-length TDP-43 and the TDP-25 fragment in TDP-43 pathogenesis.
MATERIALS AND METHODS
Cell culture and DNA and siRNA transfection Neuro 2a (N2a) cells were cultured in Eagle's minimum essential medium, whereas 293T cells was cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA), supplemented with 10% (vol/vol) fetal calf serum and penicillin-streptomycin (Invitrogen). DNA and siRNA transfection of N2a and 293T cells was carried out with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Plasmid constructs
The cDNA of human hTDP-43 (NM_007375.3) was cloned into BamHI/ XhoI restriction sites of pcDNA3.1/Myc-His A vector or into the HindIII/ KpnI restriction sites of pEGFP-C1 vector (Invitrogen). For generation of the different hTDP-43 fusion polypeptides, different sets of DNA primer pairs were used to PCR amplify the hTDP-43 coding sequence. The sequences of the different sets of DNA primers used for PCR amplification are as follows: pcDNA3.1/Myc-His-A-hTDP-43 (pMychTDP-43) forward primer, 59-CGGGATCCCGATGTCTGAATATA-TTCGGGT-39 and reverse primer 59-CTTCTCGAGCATTCCCCAG-CCAGA-39. The PCR product was subcloned into the pcDNA.3.1/MycHis A plasmid (Invitogen) using restriction sites BamHI and XhoI to generate pcDNA3.1/Myc-His-A-hTDP-43 pcDNA3.1/Myc-His-A-hTDP-25 (pMyc-hTDP-25) (amino acids 175-414) truncated mutant forward primer 59-CGGGATCCCGATGAATTCTAAGCAAAGCCAA-39 and reverse primer 59-CTTCTCGAGCATTCCCCAGCCAGA239. The PCR product was subcloned into the pcDNA.3.1/Myc-His A plasmid (Invitogen) using restriction sites BamHI and XhoI to generate pcDNA3.1/Myc-His-A-hTDP-25. pGFP-C1-hTDP-43 (pGFP-hTDP-43) forward primer 59-CGGAAGCTTATGTCTGAATATATTCGGGT-39 and reverse primer 59-CAGGTACCATCATTCCCCAGCCAGA-39. The PCR product was subcloned into the pEGFP-C1 plasmid (Invitogen) using restriction sites HindIII and KpnI to generate pGFP-C1-hTDP-43.
Site-directed mutants (see below) were generated using the plasmids pcDNA3.1/Myc-His-A-hTDP-43 and pGFP-C1-hTDP-43 as templates. Site-directed mutagenesis (QuikChange kit; Stratagene, La Jolla, CA) was used to create sets of missense mutations for the current study [D89A and QV/AA (Q134A/V135A)]. The sequences of the mutagenized oligonucleotides were as follows: hTDP-43 (QV/AA) mutant, 59-AGAA-GTTCTTATGGTGGCAGCAAAGAAAGATCTTAAGA-39; hTDP-43 (D89A) mutant, 59-AATGGATGAGACAGCAGCTTCATCAGCAG-39. pEF-HA-Ub was a kind gift from Ying Li, University of California, Irvine, CA.
siRNA-mediated knockdown of mouse LAMP-2A
Mouse LAMP-2A mRNA knockdown in N2a cells was achieved using the specific LAMP-2A siRNA oligonucleotides (Invitrogen). The sequence of the region targeted by the siRNA in the exon 8a of the LAMP-2A gene was 59-GACTGCAGTGCAGATGAAG-39 . A non-targeting negative control siRNA was used to assess the non-specific effect of the siRNA delivery. N2a cells were transfected with 50 nM or 100 nM of the RNA oligonucleotides by Lipofectamine 2000 (Invitrogen) and then analyzed at 48 h posttransfection. The mRNA levels of LAMP-2A, -2B and -2C were
